Abstract-A numerical simulation of the magnetic field in the imaging volume of a magnetic resonance imaging (MRI) scanner and a method for quick searches for electromagnetic noise source are proposed as part of the design and development process for surgical robots that are compatible with MRI. Although MR compatibility is a major challenge for development of such robots, no simulation method was known that could predict it. This paper demonstrates the potential of two basic techniques that will be useful in predicting the magnetic and electromagnetic compatibility. First, the distortion of the magnetic field caused by the robot can be computed by a finite element method. Simulation of the resonance signal distribution showed good agreement with experimentally obtained signal distributions. Second, a noise source and its strength can be visualized by a spectrum analyzer.
I. INTRODUCTION
Magnetic resonance imaging (MRI) has been proven effective for surgery [1] . MR images are associated with a fixed 3D coordinate system (image coordinates) and it is feasible to combine them with a coordinate-driven robot so that the robot approaches a target such as a tumor by following a 3D trajectory defined using the image coordinates (Fig. 1) .
However, such robots have been difficult to realize because of hardware limitations arising from the MR compatibility issues. The US Food and Drug Administration (FDA) has developed draft guidance on MR safety and compatibility [2] . Schenck described magnetic compatibility issues in detail [3] . Masamune et al. demonstrated the possibility of an MRcompatible robot by constructing one with mainly plastics, ceramics and ultrasonic motors [4] . Chinzei et al. classified the design criteria of surgical robots to be MR compatible and validated that a developed robot was MR compatible in that the robot could move during imaging without the scanner and the robot affecting each other [5] , [6] . Fischer et al. developed a commercial grade biopsy robot for use within closed-bore MRIs [7] . Development of MR-compatible robots has increased recently; for examples, see [8] - [18] . There are also studies of MR-compatible actuators [19] - [24] and sensors [25] - [27] .
Although such attempts are increasing, the development process itself remains difficult, or at least time consuming. To the authors' knowledge, (1) there is no simulation method to estimate MR compatibility, and (2) any MR-compatible examinations must be conducted with MR scanners. Thus, there is no computer-assisted engineering tool, and any minor (but perhaps significant in terms of MR compatibility) modifications to the robot must be checked for compatibility with a scanner. This would have slowed development and limited optimization. These problems may have also affected cost-effectiveness, because MR-compatible parts are usually significantly more expensive than common parts, and, finally, it may have limited research and commercial applications.
In this paper, we demonstrate a numerical simulation of magnetic compatibility and an easy laboratory test of electromagnetic compatibility (EMC) that can help with the design of MR-compatible devices, including robots. The simulation is an electromagnetic finite element computation. The novelty of this work lies in the following: (1) the reduction of underflow error to properly simulate field changes caused by paramagnetic objects; (2) the determination of initial and boundary conditions that can realistically simulate the MRI magnetic field and interference from paramagnetic objects; and (3) the importation of IGES file format from CAD programs. Comparison to experimentally obtained distributions showed good agreement.
The laboratory test of EMC detects noise sources using a spectrum analyzer. This method can quickly check whether and from where robot circuitry is emitting noise that can affect the image quality. The strength of this method is that can be applied in the laboratory without occupying or using an MRI scanner. The numerical simulation and the EMC test will be useful in speeding up the preliminary stages of development before starting design and manufacturing of a robot.
This paper first reviews MR compatibility and the concerns regarding a surgical robot working within or in the vicinity of the imaging volume, followed by requirements for the design assistance methods. We will demonstrate the effectiveness of these methods with two experiments.
II. SIMULATING AND TESTING MR COMPATIBILITY

A. MR compatibility of surgical robot
The definition of MR compatibility is found in the FDA document [2] : 'This term indicates that the device, when used in the MR environment, is MR Safe and has been demonstrated to neither significantly affect the quality of the diagnostic information nor have its operations affected by the MR device.' The definition of MR safe is: 'This term indicates that the device, when used in the MR environment, has been demonstrated to present no additional unacceptable 1 risk to the patient, but may affect the quality of the diagnostic information' [2] . The document also gives examples of possible hazards and concerns within the MR environment. When one intends to operate a surgical robot within or in the vicinity of the imaging volume, the following concerns arise [5] . (Safety concerns to the human body are not discussed here.) 1) Magnetic attraction: The magnetic field (0.1-3 Teslas) attracts ferromagnetic objects. Steel springs, electromagnetic actuators, e.g., motors, brakes, clutches and relays, may not work as expected. 2) Inhomogeneity of the magnetic field: MRI requires good homogeneity of the magnetic field in the order of parts per million (ppm). A foreign object can distort the field, depending on its position, volume and magnetic susceptibility. Even paramagnetic objects can affect the scanner when they are close to the imaging volume. 3) Noise in imaging: A robot's electric circuits may radiate electrical noise. Wiring can induce noise from outside. Both will significantly reduce image quality.
4) Noise in the robot circuitry: Pulsed radio frequency fields (at the resonance frequency, up to kilowatts) may be induced in a robot's sensor signal, which will result in erroneous behavior. 5) Coupling to MRI circuit: Foreign conductive objects can cause 'coupling' to the MRI circuit, in particular to the RF probe, an antenna that receives the resonance signal. The coupling alters the properties of the probe and lowers the image quality. The coupling also induces noise in the MRI. Concerns 1 and 2 are related to magnetic compatibility, while 3 to 5 are related to electromagnetic compatibility.
B. Simulation and test in the design process
In terms of efficiency in the development process, it would be ideal if both compatibility issues could be estimated by numerical simulations that share geometric and other information with computer-aided design (CAD) systems. Ideally, the simulation would (i) be reliable so one could omit validation experiments, (ii) be valid for different imaging conditions such as imaging sequences, and (iii) be able to simulate the resulting image and performance of the robot. Unfortunately, current simulation techniques are not at this level. The authors propose a combination of simulation and simple experiment that can be used for preliminary estimation in the design process.
1) Estimation of the field inhomogeneity:
This corresponds to concern 2 (inhomogeneity). Another magnetic compatibility issue, magnetic attraction, can also be numerically estimated; however, the best tactic against it is not to use ferromagnetic material in the vicinity of the scanner. Therefore, we did not consider computing attraction forces.
Any existing electromagnetic finite element programs can do this computation. However, it was necessary to consider the following circumstances which are specific to the application: (i) the materials of concern are paramagnetic, while electromagnetic FEMs are usually optimized to solve the effects of ferromagnetic materials; (ii) ppm-order precision is required; (iii) gradient and dynamic fields are applied; and (iv) an induced field is also applied. Currently the output of the simulation is the distribution of the magnetic field, while the final evaluation requires a measure of MR compatibility. We addressed all of these issues except (iv). Because estimating image quality from the distribution of the field would be difficult and depends on the imaging sequence, we adopted the spectrum of the resonance signal as the measure of magnetic compatibility [3] , [29] . Because there are other factors (e.g., concern 5) that affect the spectrum, it is necessary to normalize the numerically estimated spectrum with an experimentally observed spectrum.
2) Detection of noise source: This corresponds to concern 3 (noise in images). The effect on imaging is determined by the noise component around the resonance frequency. The noise picked up by the RF probe can mask the true resonance signal. Therefore, if one can simulate the existence and the strength of such noise, the effect of the noise may be predicted. Unfortunately, currently available electromagnetic noise simulators are mainly for circuit board design and simulate quite high frequencies (GHz or greater) and are not suitable for our purposes. The authors found that, instead of simulating it, a spectrum analyzer could detect and visualize noise around the resonance frequency.
Estimation of other effects of concern, such as noise from the MRI to the robot, the effect of coupling and biological effects are not discussed in this paper. We demonstrate the methods of numerical simulation and noise visualization with a few applications in the following section.
III. MATERIALS AND METHODS
A. Estimation of the field inhomogeneity
A finite element program MagNet ver. 6.15 (Infolytica Corp., Montréal, Québec) was used for the simulation. The field distribution around a paramagnetic object placed in the static field and the gradient field for the frequency encoding were simulated. This corresponds to placing the object within the imaging volume. The static field was given by the field strength of the scanner. The gradient field depends on the internal structure of the scanner. In this paper, we modeled two pairs of solenoids to simulate the scanner used in the experiment as described later. A paramagnetic object can be modeled by its shape and its magnetic susceptibility.
However, electromagnetic FEM programs require magnetic permeability, not susceptibility, because most applications are simulations of magnetic circuits, which usually assume interactions of ferromagnetic objects. In contrast, materials used in MR-compatible robots are paramagnetic, not ferromagnetic. Theoretically the permeability μ and susceptibility χ are interchangeable by the equation μ = 1+χ. However, paramagnetic materials' susceptibilities are much smaller than one, see Table  I . Therefore, permeability-based computation can easily cause underflow. To avoid this, we multiplied the susceptibility by a constant, e.g., 10
3 -10 4 for titanium. The flux density B, the field H and the permeability have the following relation.
B = (1 + kχ)H
H is easily derived from the flux density of the MRI static and gradient fields. After computing B using kχ, the actual change caused by the objects, dB, is calculated by the following equation. dB = (B − H)/k, then the final field strength is calculated as |H + dB|.
To evaluate the accuracy of the simulation, we compared the experimentally observed resonance spectrum with the simulated spectrum computed from the simulated field distribution. A part of a robotic mechanism in Koseki et al. [10] made with titanium alloy was placed beside a cylindrical container Fig. 2 . Picture and CAD drawing of the test part, which was part of an end effector described in Koseki et al. [9] . It was made from titanium alloy.
5 Gauss . The dimensions were measured by the author using calipers. An IGES solid model file exported from the CAD program was imported by the FEM program and the corresponding mesh was obtained. The field distribution was computed on a Dell Inspiron (PentiumM 1 GHz, 1 GB RAM) computer and took four hours. The simulated spectrum was calculated by segmenting the phantom into cells, then obtaining a histogram of the resonance frequency of each cell with the frequency shift caused by the magnetic field at the position of the cell . Although the area of the spectrum is correlated with the signal strength, it is not reliable enough to be used for normalization by this amount because of uncalculated factors such as the coupling effect. Therefore, the spectra were normalized by their height. The experiment and the comparison were performed under the following conditions: (A) without the robot part (phantom only, as the baseline), and (B) with the robot part. The robot part was placed on the positive gradient side. The spectrum was obtained by the prescan sequence, a special sequence that applies bidirectional frequency encoding instead of phase encoding. Its bandwidth (B/W) was 7.2 kHz. A 2D image was obtained by the spin echo sequence with TR/TE = 500/40 msec, B/W = 7.2 kHz, size of the field of view (FOV) = 260 mm. Fig. 2 is a picture of the robot part and its CAD drawing. Experimental settings are shown in Fig. 3 .
B. Visualization of electromagnetic noise 1) Noise and imaging:
To see if the noise detected by a spectrum analyzer corresponds to the image noise, we artificially emitted noise from a function generator and observed the effect on the image and the spectrum distribution at the same time. The experiment was done using the 0.3 Tesla MRI described above. Its resonance frequency was 12.709945 MHz and the bandwidth of the receiver was set to 7.2 kHz. A spherical phantom (160 mm diameter) was placed in the MRI and 2D prescan images (TR/TE = 500/40 msec, FOV = 260 mm) were obtained. A spectrum analyzer with a search coil (R3132 and TR10207, Advantest Corp., Tokyo) was used to visualize the spectrum distribution of radio waves around the resonance frequency. A function generator (33250A, Agilent Technologies, Palo Alto, CA) was used to generate a sine wave signal. These were placed as shown in Fig. 3 . Three conditions were examined: (0) no signal from the function generator (the baseline); (1) a signal at the resonance frequency; and (2) a signal of 11 MHz, which was outside the receiver bandwidth of the MRI. In each case the image of the phantom, the resonance frequency and the signal to noise ratio (SNR) described in Chinzei et al. [29] were measured.
2) Detection of noise source from ultrasonic motor: To demonstrate the possibility of noise visualization, we examined the ability to detect noise from an ultrasonic motor. The motor used was a USR-60N nonmagnetic motor with amplifier D6060 (Shinsei Kogyo, Tokyo). This motor has previously been used in several robots from different groups [6] , [7] , [18] . The authors found that this motor sometimes radiated noise to the image. The authors inserted a π-type low pass filter (56-705-005, Spectrum Control Inc., Fairview, PA) between the amplifier and the motor to suppress the noise. In this experiment, we used the search coil of the spectrum analyzer to find where the noise leaked. We also compared the noise with and without the low pass filter. The experiment was done at our laboratory.
IV. RESULTS
A. Estimation of the field inhomogeneity
The experimentally and numerically obtained spectrum curves and the corresponding MR images are shown in Figures  4 and 5 . The shape of the robot part appeared as the void (black) region. The void was larger than the size of the part. It was considered that field distortion together with the conductivity reduced the resonance signal from the surrounding fluid. The spectra agreed excellently in the baseline, while the simulated spectrum with the robot part had greater attenuation at the lower frequency side below the resonance peak. The higher frequency side agreed well with the experiment.
B. Visualization of electromagnetic noise 1) Noise and imaging:
The phantom images obtained and the screen images of the spectrum analyzer are shown in Fig. 6 . 'S' in an arrow means the MR resonance signal and 'N' in an arrow means the artificial noise. SNRs were 44.0, 12.3 and 44.0 dB, respectively. The background noise was −71 dBm, while the artificial noise was ca. −66 dBm. When the noise was within the bandwidth of the scanner, a strong artifact appeared at the corresponding position. When the noise was out of the bandwidth, there was no apparent effect in the image, and the SNR was not changed from the baseline condition.
2) Detection of noise source from ultrasonic motor: It was found that the amplifier emitted most of the noise, and some noise also came from the cable to the motor. The motor emitted ca. −68 dBm noise at 12.7 MHz without the low pass filter. With the filter, emission was reduced to −82 dBm. When the filter was inserted, the emission from the cable was also smaller at the far side from the amplifier. These results suggested that the turning motor was the source of the noise. The spectrum also revealed that there were periodic peaks of noise from the amplifier at ca. 170 kHz and ca. 40 kHz intervals7. These were considered to be the harmonic components of the vibration of the ultrasonic motor, which is around 42 kHz. By changing the rotation rate, a shift of the harmonic components was observed.
V. DISCUSSION
A. Estimation of the field inhomogeneity
The agreement between the simulation and the experiment was excellent except on the lower frequency side below the resonance peak. The part was indeed placed at the positive gradient side, where the higher frequency components appear in the spectrum. Therefore, the influence of the part on the magnetic field is not likely to be the cause of the disagreement on the lower frequency side. The authors consider that the cause of the disagreement is the change of RF probe characteristics caused by coupling with the robot part. The FEM program is able to import complex solid objects imported from CAD programs via the IGES format. Concluding this experiment, the proposed method can simulate the effect of a paramagnetic object that enters the imaging volume. By investigating the extent to which the inhomogeneity was acceptable, this simulation will be useful for designing similar portions of robots, typically end effectors.
B. Detection of noise source
The correlation of the noise and the bandwidth of the MR scanner agreed with the theory, and the effect of noise reduction was visualized by the spectrum analyzer. The harmonic components from the motor amplifier were probably the source of the noise. When the rotation rate was changed, the harmonic components shifted. When any peaks of the harmonics enter the bandwidth of the scanner, there will be noise in the image. To validate the MR compatibility of an ultrasonic motor-driven device, one should set the rotation rate of the motors so that the harmonic components are within the bandwidth, not necessarily at the fastest speed.
C. Future work
The authors consider that the following issues require further investigation.
1) Simulation of the effect of induced currents:
In the homogeneity estimation, the effect of the induced field is not simulated. To simulate the effect of a metallic object precisely, it is necessary to include the induction in the simulation. Although it is not particularly difficult to do this, a conductive object would also affect imaging by its coupling to the RF probe. Estimation of this effect requires modeling the RF probe and the internal structure of the scanner, which makes the simulation complex. We will investigate the extent to which the effect of inductive coupling should be considered (or when we can ignore it) and methods of validating this extension.
2) Simulation of the field distribution outside the imaging volume: This program can solve the field distribution with the field sources given as functions, such as solenoids. This simulation is useful for assessing the effect of a robot entering the imaging volume. In practice, the effect when the robot does not enter the imaging volume is also useful, particularly when the volume of the robot is large. To compute this situation, the FEM program must be able to accept complex field distributions, which are probably difficult to express by functions. Currently the authors are working for implementing the simulation on the FEM programs with this capability.
3) Quantitative noise test: The experiment described here was insufficient to conclude that this method could detect any noise that would affect the image quality. To validate the ability of this method quantitatively, the authors plan to conduct more precise experiments with carefully designed protocols. To do a simulation, the properties of the noise source and of the emission from the wiring will be necessary. The authors think that it will be possible to develop such a simulation method combined with experimental measurements.
VI. CONCLUSION
A method for numerical simulation of the effect of a paramagnetic object on the magnetic field and a quick test method to find the source of electromagnetic noise were introduced. Numerically and experimentally obtained resonance spectra were compared and gave excellent agreement, except on the lower frequency side below the resonance peak. The cause of the disagreement was considered to be the change of RF probe characteristics, not a magnetic effect. By determining the tolerance of the inhomogeneity, this method will be useful for designing similar portions of robots, typically end effectors. The noise search test could visualize the noise sources in the imaging with a spectrum analyzer. The visualization was also able to show that an ultrasonic motor could emit harmful noise while rotating at less than its maximum rate. Although we are not currently able to predict the degree of noise in the MRI quantitatively, the authors consider this test will form a part of quantitative simulation of noise distribution.
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